Bap (biofilm-associated protein) is a 254-kDa staphylococcal surface protein implicated in formation of biofilms by staphylococci isolated from chronic mastitis infections. The presence of potential EF-hand motifs in the amino acid sequence of Bap prompted us to investigate the effect of calcium on the multicellular behavior of Bap-expressing staphylococci. We found that addition of millimolar amounts of calcium to the growth media inhibited intercellular adhesion of and biofilm formation by Bap-positive strain V329. Addition of manganese, but not addition of magnesium, also inhibited biofilm formation, whereas bacterial aggregation in liquid media was greatly enhanced by metal-chelating agents. In contrast, calcium or chelating agents had virtually no effect on the aggregation of Bap-deficient strain M556. The biofilm elicited by insertion of bap into the chromosome of a biofilm-negative strain exhibited a similar dependence on the calcium concentration, indicating that the observed calcium inhibition was an inherent property of the Bap-mediated biofilms. Site-directed mutagenesis of two of the putative EF-hand domains resulted in a mutant strain that was capable of forming a biofilm but whose biofilm was not inhibited by calcium. Our results indicate that Bap binds Ca 2؉ with low affinity and that Ca 2؉ binding renders the protein noncompetent for biofilm formation and for intercellular adhesion. The fact that calcium inhibition of Bap-mediated multicellular behavior takes place in vitro at concentrations similar to those found in milk serum supports the possibility that this inhibition is relevant to the pathogenesis and/or epidemiology of the bacteria in the mastitis process.
Genetic and physiological studies have revealed that multicellularity is a widespread behavior in bacteria. Microorganisms can live and proliferate as individual cells swimming freely in the environment (planktonic mode of growth), or they can grow as highly organized multicellular complexes known as bacterial films or biofilms (7) . The initial attachment of planktonic bacteria to a solid surface, the subsequent proliferation and accumulation in multilayer cell clusters, and the final formation of the bacterial community enclosed in a self-produced polymeric matrix are sequential steps that give rise to a mature biofilm (43) . Switching between planktonic and biofilm modes of growth is a tightly regulated process that implies extensive physiological changes in the bacteria, and it takes place in response to a variety of environmental factors (16) .
Mutational studies allowed us to identify Bap (biofilm-associated protein), a staphylococcal surface protein, as a protein that is essential for biofilm formation by Staphylococcus aureus strain V329 (9) . The bap gene is carried in a putative composite transposon inserted in SaPIbov2, a mobile staphylococcal pathogenicity island (49) . This gene encodes a 2,276-aminoacid protein that has the multidomain architecture characteristic of surface-associated proteins from gram-positive bacteria (15, 17, 35) . The N-terminal domain (819 amino acids) includes a signal sequence for extracellular secretion and for the most part is devoid of repetitions. The region encompassing residues 820 to 2148 is composed of 13 identical repeats, each of which is 86 amino acids long. These repetitions are predicted to fold into a seven-strand ␤-sandwich and likely belong to the HYR module, a new immunoglobulin-like fold involved in cellular adhesion (5) . After this long repeat region Bap contains a sequence stretch rich in serine and aspartic acid residues resembling the SD repeats of the Sdr family of staphylococcal surface proteins (20) . The C terminus of Bap contains a typical cell wall attachment region comprising an LPETG motif, a hydrophobic transmembrane sequence, and a positively charged C terminus (9) . Experiments carried out in vitro have shown that Bap promotes early adherence, as well as intercellular adhesion, of S. aureus cells (9) . So far, Bap has been found only in isolates from mammary glands in ruminant suffering from mastitis. Experimental mammary gland infection studies indicated that Bap might act as an anti-attachment factor that prevents initial bacterial attachment to host tissues (10) , although the presence of Bap facilitated the persistence of S. aureus in the mammary gland (49) . Ca 2ϩ has been implicated in a large number of biological processes, in both eukaryotic and prokaryotic cells (reviewed in references 3, 28, and 31) . This cation is a well-known intracellular second messenger that controls many vital processes (3), and there is increasing evidence that it is an extracellular first messenger in complex organisms (4, 25) . In bacteria, Ca 2ϩ is implicated in processes as important and diverse as the cell cycle and cell division, competence, pathogenesis, motility and chemotaxis, and quorum sensing (reviewed in references 19, 28, 30, 31, and 42) . In the extracellular space, Ca 2ϩ also has an important structural role, maintaining the integrity of the outer lipopolysaccharide layer and the cell wall (42) . The EF-hand motif, initially observed in the X-ray structure of parvalbumin (22) , remains one of the most widespread Ca 2ϩ -binding domains in nature, although various other Ca 2ϩ -binding domains have been identified (14, 36, 37, 48, 54) . This motif comprises a 12-residue loop flanked on both sides by an ␣-helix, and residues at positions 1, 3, 5, 7, 9, and 12 of the loop provide the ligands that chelate the Ca 2ϩ ion (22, 46) . The majority of EF-hand proteins contain an even number of EF domains, and pairing of neighboring EF hands has been proposed to be important for the functionality of the domain (28, 52) .
Several of the staphylococcal surface adhesins bind Ca 2ϩ . ClfA (clumping factor A) of S. aureus, which promotes binding to fibrinogen and fibrin, has a Ca 2ϩ -binding EF-hand-like motif in the fibrinogen-binding domain (33) . The interaction of fibrinogen and ClfA is inhibited by addition of millimolar amounts of calcium (33) . Similarly, clumping factor B (ClfB) of S. aureus has an EF-hand-like motif, and millimolar concentrations of Ca 2ϩ and Mn 2ϩ inhibit fibrinogen binding by ClfB (29) . In contrast, the members of the serine-aspartate surface protein family (Sdr) bind Ca 2ϩ with high affinity. Each of the B repeats of SdrD contains a canonical EF-hand motif and two acidic stretches with similarity to the putative Ca 2ϩ -binding sites of integrin. It has been shown that Ca 2ϩ binding is required for the structural integrity of the B-repeat region in SdrD (21) .
Analysis of the primary structure of Bap revealed the presence of sites with high levels of similarity to the EF-hand calcium-binding motif, indicating that Bap might be able to bind Ca 2ϩ . The important regulatory role of this metal cation in cellular processes and in protein function (28) , as well as its high concentration in milk (51), led us to investigate its possible involvement in Bap function. In this report we show that calcium at concentrations equivalent to those found in milk inhibits Bap-mediated multicellular behavior of S. aureus in vitro. Furthermore, this inhibition is abolished by mutations at the putative EF-hand motifs, suggesting that Ca 2ϩ binding at these EF-hand-like sites in wild-type Bap is indeed responsible for the effect of the cation on biofilm formation.
MATERIALS AND METHODS
Bacterial strains. S. aureus V329 is a strong biofilm-forming isolate obtained from bovine subclinical mastitis (9) . S. aureus strain M556, which has a biofilmnegative phenotype, is an isogenic mutant of V329 whose bap gene has been disrupted by transposon insertion (9) . S. aureus strain V858 is a Bap-positive bovine mastitis isolate, whose bap gene contains a single C repeat (11) . S. aureus strain CH142 is a SaPIbov2 Bap-negative strain obtained in the laboratory from an originally SaPIbov2 Bap-positive strain. Strain JP38 is a V329 derivative in which the ica locus has been deleted (11) . S. aureus strains 15981 and 12313, isolated in the Microbiology Department at the Clinic of the University of Navarra, were selected because of their strong biofilm production phenotype (50) .
Culture conditions. Staphylococcal strains were cultured in Trypticase soy agar and in Trypticase soy broth (TSB) supplemented with glucose (0.25%, wt/vol) (TSB-glucose) as indicated below. In addition, media were supplemented with calcium chloride (CaCl 2 ), magnesium chloride (MgCl 2 ), manganese chloride (MnCl 2 ), EDTA, or EGTA at various concentrations when they were required by the experimental design. Escherichia coli XL1-Blue cells were grown in LuriaBertani broth or on Luria-Bertani agar (Pronadisa, Madrid, Spain) with appropriate antibiotics. Antibiotics were used at the following concentrations: erythromycin, 1.5 g ml Ϫ1 ; and ampicillin, 100 g ml Ϫ1 . The initial concentration of calcium in TSB was measured with the Arsenazo III commercial preparation (Sigma) used according to the manufacturer's instructions. DNA manipulations. DNA plasmids were isolated from E. coli strains with a Bio-Rad plasmid miniprep kit used according to the manufacturer's instructions. Plasmids were transformed into staphylococci by electroporation by using a previously described protocol (9) . Chromosomal DNA preparations were obtained as previously described (27) . Restriction enzymes were purchased from New England Biolabs. Oligonucleotides were obtained from Life Technologies (Invitrogen). DNA sequencing was performed with an ABI 310 model automatic sequencer (PE Biosystems) used according to manufacturer's protocols.
Construction of S. aureus strain Newman_Bap. A single-copy integrating plasmid, pCL84 (23) , was used to introduce the bap gene into S. aureus strain Newman (ϭ ATCC 25905). pCL84 carries the att site of phage L54a but lacks a replicon that functions in S. aureus. When transformed into S. aureus CYL316 (23) , which overexpresses the L54a integrase, the plasmid integrated into the chromosomal att site located in the geh gene. The bap gene of the S. aureus V858 strain, including its own native promoter, was amplified with Pfu DNA polymerase (Promega) by using primers Bap-1mB (5Ј-CGCGGATCCCTCTTCAGATC TACGAATTTTCCC-3Ј) and Bap-5cE (5Ј-CGGGAATTCACTTATAGATGT GCGTAGTC-3Ј) and was cloned in pCL84, generating pJP17. Plasmid pJP17 was transformed into CYL316 and integrated into the chromosome by homologous recombination at the phage L54a att site. The bap gene was then transduced by phage 85 (32) into strain S. aureus Newman, which produced strain Newman_Bap. Correct integration of pJP17 in CYL316 and Newman_Bap was verified by PCR and Southern blotting with lipase-and bap-specific probes.
Site-directed mutagenesis and allelic exchange of the chromosomal bap gene. To introduce point mutations at the selected EF-like domains of Bap, synthetic oligonucleotides were designed to incorporate the desired modifications. These mutagenic primers were used in conjunction with the appropriate flanking sequence primers to amplify two fragments of DNA. A 500-bp segment of bap encompassing the EF2 domain was amplified by PCR from the V329 chromosomal DNA with the following primers: forward primer efa (5Ј-AACGGTATT TTCTCATATAGT-3Ј) (578) and reverse primer efb (5Ј-CACTTAAGGATAA TTGACGATTATATCTATCTAATAAACCATCTTTAGCATAATTTTGTAG CGCTAG-3Ј) (746). Similarly, a 500-bp segment encompassing the EF3 domain was amplified with the following primers: forward primer efc (5Ј-TCCTTAAGT GATGCAGAAAACGAAAATACTGCTGGCGATGGTAAGAATGATGGC GATAATGTTGTAAATTAT-3Ј) (744) and reverse primer efd (5Ј-TTAATTG CTGCACTTGTATC-3Ј) (911). The numbers in parentheses correspond to the positions of the last amino acid encoded by the PCR fragment in the Bap protein according to the nomenclature of Cucarella et al. (9) . The sequences of primers efb and efc differed from the original bap sequence at seven nucleotides (indicated by boldface type); three of the substitutions were silent mutations designed to generate a novel restriction site for AflII (indicated by underlining), and the remaining four substitutions resulted in the desired amino acid mutations in the EF2 (primer efb) and EF3 (primer efc) domains (see Fig. 5 ). The PCR products were cloned in the pGEM-T Easy vector (Promega), which resulted in pGEMT-D1 and pGEMT-F1, respectively. These constructs were sequenced on both strands to confirm that they contained the expected nucleotide changes. pGEMT-D1 and pGEMT-F1 were digested with EcoRI and AflII, and the two 500-bp EcoRI-AflII fragments containing bap sequences were ligated simultaneously into the EcoRI site of the shuttle plasmid pMAD (M. Arnaud and M. Debarbouille, unpublished) and transformed into E. coli XL1-Blue competent cells. The resulting construct, designated pMAD-D1F1, contained a 1,000-bp insert that included the region containing EF2 and EF3 and spanned approximately 500 bp upstream and downstream from this region. pMAD-D1F1 was introduced into S. aureus V329 by electroporation, and the transformed cells were selected on erythromycin plates. Since pMAD contains a temperaturesensitive origin of replication, chromosomal integration of the construct was promoted by growth at the nonpermissive temperature (43.5°C). Bacteria in which the integration had occurred via a two-step gene replacement event, which therefore contained no pMAD plasmid sequences, were selected as previously described (50) , and clone V329_EF23 was chosen for further analysis. Replacement of the chromosomal bap sequence was confirmed by PCR amplification performed with oligonucleotides efa and efd and digestion with AflII. Following replacement, the sequence of the fragment was determined. To do this, a PCR fragment amplified with oligonucleotides 6m (5Ј-CCCTATATCGAAGGTGTA GAATTGCAC-3Ј) (602) and 7c (5Ј-GCTGTTGAAGTTAATACTGTACCTG C-3Ј) (926) was cloned in pGEMT and sequenced (see above for explanation of numbers in parentheses).
Biofilm formation assays. Biofilm formation assays on enzyme-linked immunosorbent assay plates were performed as described previously (18) . Briefly, 5 l of a culture of S. aureus grown overnight in TSB-glucose at 37°C was inoculated into the wells of microtiter plates containing 195 l of TSB-glucose (final dilution of the culture, 1:40). Sterile 96-well polystyrene microtiter plates from the same VOL. 186, 2004 CALCIUM-DEPENDENT BIOFILM DEVELOPMENT IN S. AUREUS 7491 manufacturer (Iwaki) were used throughout the study. When required, 5 l of a divalent cation or chelating agent solution was added to the wells to obtain the appropriate final concentration. This addition was done at the time of inoculation of the plate. After 24 h of incubation at 37°C, the microplates were washed twice with 200 l of H 2 O, dried in an inverted position, and stained with 100 l of 0.25% crystal violet for 20 min at room temperature. Microplates were rinsed again twice with H 2 O, dried, and photographed. At least three independent cultures were assayed for each experiment, and four replicates were used for each culture. Intercellular adhesion in liquid media. Culture tubes containing 5 ml of TSB-glucose supplemented with the appropriate concentrations of CaCl 2 or EDTA were inoculated with a fresh colony of S. aureus strain V329 or M556 and incubated for 16 to 24 h at 37°C in a platform shaker (New Brunswick) at 200 rpm. The optical density at 600 nm (OD 600 ) of an aliquot taken from the bulk of the culture was determined before and after vigorous vortexing of the tube; the aliquots were diluted as required to obtain OD 600 values that were less than 0.3. The measured optical density values were corrected for the dilution factor and volume proportion. The percentage of suspended cells in each tube was calculated from the ratio of the corrected OD 600 values obtained for the culture before and after vortexing. The experiments were repeated at least three times.
Early adherence assay. Early adherence to a polystyrene surface was determined as previously described (9), with the following modifications. Overnight cultures of S. aureus strains were grown in TSB supplemented with 0.25% glucose at 37°C and diluted 1:100 in fresh media. After 3 h, the bacterial cultures were diluted to obtain an OD 600 of 0.1. Ten milliliters of each suspension was added to two polystyrene petri dishes and incubated for 1 h at 37°C. The petri dishes were washed at least five times with phosphate-buffered saline (PBS). Cells were fixed with Bouin solution and Gram stained. Adherent bacterial cells were observed by oil immersion microscopy and counted; the results given below represent the means of four different microscopic fields. Each experiment was repeated three times.
Surface-associated protein preparation. Surface protein preparations were obtained from S. aureus cells under isosmotic conditions. Bacterial cells were recovered from 5-ml overnight cultures by centrifugation, washed twice in 1 ml of PBS, and resuspended in 100 l of isosmotic digestion buffer (PBS containing 26% [wt/vol] raffinose). After addition of 3 l of a 10-mg/ml solution of lysostaphin (Sigma), the preparations were incubated with shaking at 37°C for 2 h. Protoplasts were sedimented by centrifugation at 8,000 ϫ g for 30 min with slow deceleration, and the supernatant was analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) or stored at Ϫ80°C.
Electrophoresis and Western blot analysis. Electrophoretic separation of cell wall-associated protein preparations was carried out by SDS-PAGE. The acrylamide concentration was 7.5% in the resolving gel and 4% in the stacking gel. For Western blot analysis, protein extracts separated by SDS-PAGE were transferred to a nitrocellulose membrane (Bio-Rad) at 0.8 mA/cm 2 for 5 h in a semidry transfer apparatus (Pharmacia). The buffer used for transfer was 50 mM Tris (pH 8.3)-380 mM glycine-0.1% SDS-20% methanol. The blocking solution contained PBS, 5% milk powder, and 6% Tween 20. Serum containing anti-Bap antibody (9) was adsorbed against inactivated M556 cells and then used as the primary antibody at a 1:5,000 dilution. Peroxidase-conjugated goat anti-rabbit immunoglobulin G (Pierce) diluted 1:10,000 was used as the secondary antibody, and the reaction was developed by enhanced chemiluminescence (ECL kit; Roche). An image was obtained with a Chemi-Doc apparatus (Bio-Rad).
Sequence analysis program. The predicted amino acid sequence of Bap was analyzed with the PrositeScan program (6) at the web server http://npsa-pbil .ibcp.fr/cgi-bin/npsa_automat.pl?page ϭ npsa_prosite.html in order to identify potential functional domains.
RESULTS

Potential metal ion-binding motifs in the Bap sequence.
A motif search of the amino acid sequence of Bap by using the Prosite PS00018 definition revealed the presence of four sites with Ն80% similarity to the loop of the consensus EF-hand motif. Figure 1 shows the relative positions of these potential calcium-binding sites, designated EF1 to EF4 from the N terminus to the C terminus. Three of the sites are located N terminal to the C-repeat region of Bap, whereas the fourth is located at the C terminus close to the cell wall-anchoring LPETG motif, within the SD-rich sequence. The second and third of these potential EF-hand motifs, designated EF2 and EF3, exhibit the greatest similarity to the consensus sequence, differing from it at a single position. The proximity of EF2 and EF3 suggests that they might act coordinately as a pair of EF-hand domains (28) .
Effects of divalent cations on Bap-mediated biofilm formation. To determine if calcium had any functional significance in Bap-mediated biofilm formation, we assayed V329 biofilmforming ability in the presence of increasing Ca 2ϩ concentrations. Figure 2A shows that biofilm formation on polystyrene microplates by S. aureus V329 was inhibited by addition of 6 to 10 mM calcium to the growth medium. The Bap-deficient isogenic mutant M556 did not form a biofilm under any of the conditions tested. S. aureus strains 15981 and 12313 are clinical isolates which do not contain the bap gene in the genome, and therefore biofilm formation by these strains is not Bap dependent. We observed that for 15981 and 12313 addition of up to 20 mM Ca 2ϩ did not have an inhibitory effect on biofilm formation. In fact, Ca 2ϩ even enhanced the amount of biofilm formed by strain 15981. In addition, we observed that the inhibitory effect did not occur with all divalent cations. Addition of Mg 2ϩ did not affect the biofilm formed by Bap-positive strain V329, whereas Mn 2ϩ had an inhibitory effect at the same concentration range as Ca 2ϩ (Fig. 2B) , although there was a sharper transition from the permissive to inhibitory concentrations of the cation. It should be noted that the actual Ca 2ϩ concentration required for biofilm inhibition ranged from 6 to 15 mM in different experiments. This variation was determined to depend on the microplate used, despite the fact that microplates from a single manufacturer were used throughout the study.
PIA/PNAG has been implicated in biofilm formation by S. aureus (8, 26) . Although Ca 2ϩ did not affect PIA/PNAG-mediated biofilm formation by strain 15981 (50) , to confirm that calcium inhibition was independent of the presence of PIA/ PNAG, biofilm formation experiments were performed with strain JP38 (V329⌬ica) (11) . With this strain we observed the same calcium-mediated biofilm inhibition that we observed with V329, indicating that in V329 PIA/PNAG is not necessary for the observed calcium inhibition (data not shown). Bap promoted both primary attachment and intercellular aggregation (9) . To determine whether calcium affects primary attachment, early adherence of S. aureus V329 in the presence or absence of calcium was measured by phase-contrast microscopy. The results showed that S. aureus V329 adhered to polystyrene more efficiently in the absence of calcium (2. Effect of Ca 2؉ depletion on biofilm formation. We found that addition of up to 25 mM EGTA had little effect on the V329 biofilm obtained after 24 h of incubation (Fig. 2C) . These conditions likely represent Ca 2ϩ depletion since the concentration of total calcium present in the nonsupplemented medium was less than 1 mM, as determined by the Arsenazo III method. In contrast to the results obtained for EGTA, EDTA inhibited V329 biofilm formation at concentrations as low as 80 M (Fig. 2D) . Given the different affinities of these chelators for the various metal ions (13), these results indicate that it is unlikely that Ca 2ϩ is necessary for biofilm formation by V329 but that there is another metal ion which is preferentially chelated by EDTA and which is essential for this process.
Effect of Ca
2؉ on Bap-mediated bacterial clumping. Overnight shaken cultures of V329 grown in tubes of TSB-glucose showed very little turbidity; the majority of the cells precipitated and were at the bottom of the tube or were present in a growth ring at the air-liquid interface (Fig. 3A) . Bap is essential for the observed aggregative behavior of V329, because cultures of the isogenic Bap-deficient strain M556 exhibited much greater turbidity and did not form an interfacial ring (Fig. 3A) . We observed that addition of Ca 2ϩ at millimolar levels to the liquid culture tubes practically abolished bacterial aggregation in V329 liquid cultures (Fig. 3A and B) . In the presence of 10 mM added Ca 2ϩ , the behavior of V329 was practically indistinguishable from that of M556; that is, at this Ca 2ϩ concentration the Bap-positive strain exhibited a Bapnegative phenotype. Addition of 1.25 mM EGTA had the opposite effect, reinforcing the intercellular aggregation and rendering the liquid bulk practically free of suspended cells (Fig. 3A) . Similarly, addition of EDTA promoted bacterial intercellular adhesion, but this agent also caused a decrease in the total bacterial density (the number of bacteria in the EDTA-supplemented culture was 10 10 CFU, compared with 10 11 CFU in the TSB culture), which was not observed with EGTA ( Fig. 3A and C) . In contrast, the turbidity of M556 liquid cultures was essentially unaffected by addition of either Ca 2ϩ or chelating agents.
Figures 3B and C show the degrees of bacterial clumping present in V329 and M556 liquid cultures grown overnight in the presence of increasing calcium or EDTA concentrations. The percentage of suspended bacteria in V329 cultures increased almost threefold for concentrations of added calcium between 0 and 15 mM. Further increases in the Ca 2ϩ concentration had no detectable effect on V329 bacterial aggregation. The same amount of added Ca 2ϩ did not significantly increase the proportion of suspended cells in M556 cultures. The actual percentage of suspended cells increased with culture age (between 16 and 24 h.), but in any case the difference between the Bap-positive and Bap-negative strains disappeared when calcium was added at millimolar levels to the culture of the Bap-positive strain. Addition of EDTA promoted bacterial aggregation in V329 cultures, reducing to practically zero the proportion of suspended cells at the highest concentrations assayed. In contrast, EDTA did not promote clumping of M556 cultures (Fig. 3C) .
Bap expression in the Newman strain elicits the formation of a calcium-dependent biofilm. To determine that the observed inhibitory effect of calcium on Bap-mediated biofilm formation did not occur exclusively in strain V329, we expressed Bap in a different genetic background. The S. aureus Newman strain does not form biofilms (Fig. 4A) . We produced a recombinant derivative of this strain, designated Newman_ Bap, in which the bap gene was inserted into the bacterial chromosome. We observed that insertion of the bap gene into the Newman chromosome rendered the bacteria competent for biofilm formation on microplates (Fig. 4A) and for cell-tocell aggregation when the organism was grown in tubes (Fig.  4B) . These multicellular behavior properties elicited by Bap in the mutant were inhibited by added calcium at concentrations similar to those used for V329 (Fig. 4A and B) . Thus, the biofilm-positive phenotype and the calcium inhibition phenotype were simultaneously transferred to the Newman strain by insertion of the bap gene. These results strongly suggest that Bap is the cell component unique to V329 necessary to elicit formation of a calcium-dependent biofilm in the Newman strain. In addition, the transfer of Bap to the Newman strain conferred aggregative colony morphology to the Newman_Bap strain (Fig. 4C) .
Mutation of EF2 and EF3 eliminates Ca 2؉ inhibition in a Bap-mediated biofilm. To obtain evidence of whether the identified EF-like domains mediated the calcium-Bap interaction, we mutated EF2 and EF3 in the chromosomal copy of the V329 bap gene. EF2 and EF3 were chosen from all of the potential Ca 2ϩ -binding sites in Bap because of their better features for being functional EF-hand domains (28) . As shown in Fig. 5A , acidic amino acid residues of EF2 and EF3 corresponding to positions 1, 3, and 12 of the consensus EF-hand loop were replaced by Asn, Ala, and Asn, respectively. Thus, we obtained a Bap mutant that contained the following amino acid substitutions : D729N, D731A, E740N, D752N , D754A, and E763N. These three positions are the most conserved positions in the EF-hand motif, and when the sequences were scanned with the PrositeScan program, no potential EF hands were found in the substituted sequence. These mutations were introduced into V329 by allelic exchange, producing the mutant strain V329_EF23, which was expected to express a Bap version with reduced Ca 2ϩ -binding capabilities.
Figures 5B and C show that the behavior of V329_EF23 was very similar to that of V329 when it was grown in TSB-glucose in microplates and tubes. However, when the organism was grown in the presence of a Ca 2ϩ concentration inhibitory to the parental V329 strain, the multicellular behavior of V329_EF23 was not affected. The mutant strain formed biofilms in microplates at concentrations of added Ca 2ϩ up to 50 mM and formed bacterial clumps in liquid culture tubes in the presence of 10 mM added Ca 2ϩ ( Fig. 5B and C) . In addition, primary attachment of the V329_EF23 mutant was not affected by addition of calcium (data not shown). As shown below, these mutations did not affect Bap protein expression (Fig. 6) .
Bap is expressed by bacteria grown in TSB containing Ca 2؉ . In the presence of added Ca 2ϩ , the Bap-positive strain V329 exhibited a biofilm-negative phenotype similar to that of the Bap-negative strain M556. Thus, under these conditions, either Bap was not expressed by V329 or Bap was expressed but was present as a nonfunctional form. To investigate this, surface protein preparations obtained from bacteria grown in the presence and in the absence of added Ca 2ϩ were subjected to SDS-PAGE and Western blot analysis. Figure 6A shows the results of SDS-PAGE of surface protein preparations obtained from V329 and from mutant V329_EF23. No decrease was observed in the amount of Bap extracted from strain V329 grown at calcium concentrations that caused inhibition of intercellular adhesion. Thus, Ca 2ϩ inhibition of Bap-mediated bacterial multicellular behavior is not due to repression of Bap expression.
In the Western blot analysis, protein preparations obtained from V329 grown in TSB-glucose produced a considerable number of bands that reacted with the anti-Bap serum (Fig.  6B, lane 1) . This is not surprising if we consider that the preparations were obtained in the absence of protease inhibitors. However, with the protein preparations obtained from V329 grown in TSB supplemented with 10 mM Ca 2ϩ there was a remarkable decrease in the number of reactive bands (Fig.  6B, compare lanes 1 and 2) . Protein preparations obtained from mutant V329_EF23 grown in TSB exhibited a degradation pattern quite similar to that of V329 (Fig. 6B, compare  lanes 1 and 3) . However, the band pattern obtained for V329_EF23 grown in Ca 2ϩ -supplemented TSB closely resembled that of V329_EF23 grown in the absence of added Ca 2ϩ (Fig. 6B, compare lanes 3 and 4) . Thus, protection from proteolysis was much less prominent for this mutant than for wild-type Bap when bacteria were grown in the presence of a high Ca 2ϩ concentration (Fig. 6B, compare lanes 2 and 4) . These Western blot results suggest that Ca 2ϩ binding triggers a conformational change in Bap such that the metal-bound protein becomes more resistant to degradation. Consistently, the Bap mutant expressed by V329_EF23 was protected to a lesser extent by high Ca 2ϩ concentrations, as would be expected for a protein with reduced capabilities for Ca 2ϩ binding and therefore for undergoing a Ca 2ϩ -induced conformational change.
DISCUSSION
In this study we used biofilm formation on polystyrene microplates and cell clumping in liquid cultures as assays for the multicellular behavior of staphylococcal cells. We found that addition of millimolar amounts of Ca 2ϩ to the growth medium of Bap-positive strain V329 inhibits biofilm formation, as well as bacterial clumping in liquid culture. Indeed, at these high concentrations, Ca 2ϩ cancels the action of Bap and results in V329 behaving in the same way that the Bap-deficient mutant M556 behaves. Similarly, in the presence of millimolar amounts of added Ca 2ϩ the biofilm-positive Newman_Bap mutant exhibits the biofilm-negative phenotype of the wild-type Newman strain. Taken together, these results are a strong indication that Ca 2ϩ inhibition is an intrinsic property of Bapmediated biofilms. The inhibition is not due to nonspecific electrostatic interference with the plastic-bacterium interactions, since it is not observed for all divalent cations and it also takes place in liquid cultures in which surface interactions are less relevant. The lack of an effect of Ca 2ϩ on S. aureus strains 15981 and 12313 indicates that Ca 2ϩ modulation does not occur with all PIA/PNAG-dependent staphylococcal biofilms. Nevertheless, we cannot rule out the possibility that the biofilms of other Bap-negative staphylococcal strains might be modulated by Ca 2ϩ , since multiple, diverse mechanisms are used for biofilm formation under different environmental conditions or by different bacterial strains (12, 34, 50 According to our results, Bap mediates intercellular adhesion through a calcium-dependent mechanism. Expression of Bap on the surface of the biofilm-negative Newman strain is sufficient to promote bacterial aggregation and to confer a biofilm-positive phenotype to this strain. This supports the idea that in connecting cells Bap might interact with itself through homophilic interactions, thus acting as both a receptor and a ligand, similar to the behavior of cadherins (41) . This is consistent with the failure to find a specific ligand for Bap (10) . However, we cannot exclude the possibility that Bap acts as a C-type (Ca 2ϩ -dependent) lectin and binds, in a Ca 2ϩ -dependent manner, sugar moieties in the exopolysaccharide of neighboring cell walls. This type of mechanism involving binding of surface lectins to cell wall carbohydrates of other cells has been described to mediate yeast flocculation (44, 45) . One difference is that for cadherins as well as for C-type lectins, Ca 2ϩ acts as positive regulator of cell adhesion, whereas for Bap, Ca 2ϩ acts as an inhibitor.
There are several cell wall components of gram-positive bacteria, like proteins, exopolysaccharides, or lipoteichoic acid, that bind Ca 2ϩ (21, 33, (38) (39) (40) 47) . In addition, Bap contains multiple potential Ca 2ϩ -binding sites. The C-terminal repeats likely belong to the HYR family of domains, whose members are suspected to interact with Ca 2ϩ (5, 53) . In addition, the four sites with greater than 80% similarity to the EF-hand loop increased to 14 potential EF-hand domains when the similarity constraint was lowered to 70%. Thus, it was not clear if Ca 2ϩ interacted directly with Bap and, if that was the case, if it bound at the EF-hand motifs identified. The C-terminal repeats are likely not essential for calcium inhibition of biofilm formation since the biofilm of the Newman_Bap mutant, expressing a Bap copy with a single C repeat, exhibits a sensitivity to the metal similar to that of the biofilm of V329, whose Bap copy contains 13 C repeats. Site-directed mutagenesis of the EF2 and EF3 domains was consistent with the hypothesis that Ca 2ϩ binding at these sites is essential for the inhibition of biofilm formation. The V329_EF23 mutant formed biofilm like the wild-type V329 strain, but Ca 2ϩ inhibition was virtually abolished by the mutations designed to eliminate Ca 2ϩ binding at EF2 and EF3. This result brings into question the possible contribution of the remaining Ca 2ϩ -binding domains to the Ca 2ϩ -exerted inhibition. However, we do not know the relative contributions of EF2 and EF3 to this process. Biofilm formation was not impaired by the mutations, indicating that the mutant protein is functional and participates in the interactions that drive biofilm formation. Furthermore, the inhibition by Mn 2ϩ and EDTA of the V329_EF23 biofilm was identical to the inhibition of the wild-type V329 strain biofilm (data not shown). Thus, these point mutations did not alter the overall structure of Bap.
The calcium-binding sites in Bap do not conform strictly to the consensus sequence, and they do not present predicted flanking ␣-helices. Similarly, the EF-hand-like domains found in ClfA and ClfB do not correspond to the prototype of the EF-hand motif but constitute functional Ca 2ϩ -binding domains (29, 33 (29) . The positions of the putative Ca 2ϩ -binding motifs in these three proteins are similar (the N-terminal domain of the protein outside the repeat region). In contrast, the Ca 2ϩ -binding motifs of SdrD are located in the B-repeat region, conform to the prototype EF-hand domain, and bind the metal with high affinity, with a K d in the micromolar range (21) . However, no ligand or function has been assigned to these proteins, so the effect of Ca 2ϩ binding on the function of SdrD remains unknown.
Our results demonstrate that the Ca 2ϩ inhibition of the Bap-mediated bacterial multicellular behavior is not due to repression of Bap expression. Instead, our results are consistent with the hypothesis that calcium causes a conformational change in Bap that affects its ability to form biofilms. Many calcium-binding proteins, including ClfA (33), ClfB, and the B-repeats of SdrD (21) among others, undergo considerable conformational changes upon binding of the metal cation. In general, the metal-bound form is structurally more organized than the metal-free form and, consequently, more resistant to proteolytic enzymes (21) . Consistently, we have observed that Bap in protein preparations obtained from V329 grown in the presence of a high Ca 2ϩ concentration exhibits a lower degree of proteolytic degradation than Bap in protein preparations from V329 grown in TSB-glucose. In addition, protection from proteolysis in the presence of Ca 2ϩ is much less prominent in protein preparations from mutant V329_EF23, which expresses a version of Bap with reduced Ca 2ϩ -binding ability. This result supports the hypothesis that the protective effect of Ca 2ϩ on the protein preparations obtained from V329 is exerted at least partially through a conformational transition in Bap instead of other possibilities, like inhibition of an extracellular protease.
Based on our results, we propose the model shown in Fig. 7 for the effect of Ca 2ϩ on Bap-mediated biofilm formation. According to our results, Bap presents a low-affinity inhibitory cation-binding site. Thus, when V329 grows in TSB-glucose, the Ca 2ϩ concentration should be in the submillimolar range, and the EF hands of Bap should not be saturated with Ca 2ϩ . The metal-free form of Bap should be compatible with intercellular aggregation and biofilm formation. When V329 grows in TSB-glucose supplemented with millimolar amounts of Ca 2ϩ , Bap should be in the Ca 2ϩ -saturated form. Binding of the ion should trigger a conformational transition in Bap such that the metal-bound protein becomes noncompetent for mediating intercellular aggregation and biofilm formation.
For Ca 2ϩ to serve as a regulator of Bap function, the binding affinity of the protein for the cation should be such that the changes in the local Ca 2ϩ concentration result in large differences in the degree of saturation of Ca 2ϩ -binding sites in the protein. In milk, the Ca 2ϩ concentration is around 32 mM, and only one-third of the total cations are found in the serum (51) . Thus, we estimated that the concentration of free Ca 2ϩ in serum was ϳ11 mM. The concentration of free Ca 2ϩ in mammalian blood is stringently maintained between 1.1 and 1.3 mM (4, 24, 25) . Thus, fluctuations in the calcium concentration are probably great in the mammary gland environment (for example, between lactation and dry periods). In addition, sites where there are low local Ca 2ϩ concentrations likely occur in an inflamed mammary gland as a result of increased permeability of blood vessels and concomitant altered ionic chemical balances (1, 2) . Mammary gland inflammation takes place not only in advanced mastitis infections but also in stress situations or during physiological changes (start of the dry period and around parturition). The observed calcium-dependent bacterial behavior might have important implications for the propagation of bacteria. Initial rapid planktonic growth and horizontal spread may take place during lactation, and subsequent formation of a biofilm consisting of resistant multicellular communities in the mammary gland may result in chronic infections which persist in the animal, making it a bacterial reservoir. There are not many other situations or niches in which the Ca 2ϩ concentration reaches the high values that inhibit the function of Bap; there are only a few exceptions, like the intracellular Ca 2ϩ stores of eukaryotic cells, the sites of bone resorption, and seawater (4, 25, 28) . Thus, the Bap-mediated biofilm seems to be a system specialized for the conditions present in the mammary gland, which is consistent with the fact that so far Bap has been found only in mastitis isolates (9) . 
